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I. Abstract 
 MXenes, a family of two-dimensional ceramic materials comprised of an early 
transition metal and carbon or nitrogen, have only been successfully synthesized since 
2011. Relatively little experimental work on MXenes exists, but the study of MXenes so 
far has offered strong indications that their unique combination of behaviors common to 
both metals and ceramics makes MXenes well suited for several applications. In 
particular, MXenes’ ability to conduct heat and electricity very well while being thin 
enough to be transparent to visible light makes them a particularly promising material for 
conductive coatings in a variety of products. This work focuses on pursuit of a variety of 
methods for successfully depositing thin films of the MXene Ti3C2 and demonstrates the 
use of self-assembled monolayers of both an aminosilane and poly-l-lysine to deposit thin 
films of MXene on glass and silicon substrates. The existence of films was confirmed 
using scanning electron microscopy, and the ultraviolet-visible absorption of light by the 
films was characterized using ultraviolet-visible spectrophotometry. The work herein 
facilitates the further deposition of thin films of MXene and the optimization of their 
properties. 
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II. Background 
 MXenes are a family of layered compounds formed from the exfoliation of MAX 
phase materials. MXenes’ layered structure results in an interesting and unique blend of 
properties often seen in either metals or ceramics, but rarely at the same time. MXenes 
can be synthesized along several different paths, including MXene paper and MXene thin 
films. Thin films developed out of other materials have been found suitable for 
applications including energy storage,1 topological insulation,1 semiconducting,2 and 
flame-retardant coatings for cotton.3 In this thesis, work was begun to use MXenes to 
form thin films. This work was approached in two ways. First, MXene flakes were 
deposited on glass slides through various methods including drop coating, dip coating, 
and the scotch tape method. Second, self-assembling monolayers were used on a variety 
of substrates to increase adhesion of MXene. 
A. MAX Phase Materials 
The term MAX phase refers to a material with formula Mn+1AXn, where M 
represents one of the early transition metals, A represents an A-group element, and X 
represents carbon or nitrogen (see Figure 1 below). Many MAX phases can be relatively 
easily produced through sintering of one or more powders to give materials that exhibit 
both properties of metals and properties of ceramics, including thermal stability (e.g., 
Ti3SiC2 decomposition occurs at 2300 ˚C), high stiffness (e.g., 326 GPa for Ti3SiC2), 
brittleness, and high electronic and thermal conductivity (e.g., 2.27e-5 Ω-m and ~35 
W/m.k for Ti3SiC2). 4 
 
	   13	  
 
Figure 1. Elements appearing in MAX phase materials.5 
 
 MAX phase materials were first discovered in the 1960s4,6 and subsequently 
largely ignored until renewed interest in them began in the 1990s and 2000s.4 Since this 
new work on MAX phases began, this research has led to the synthesis of numerous 
MAX phases as bulk materials, as well as thin films.6 In addition, extensive study of the 
structure, behavior, and resulting properties of MAX phases has revealed a number of 
potential applications, such as impact-resistant materials,4 radiation-resistant cladding 
material for the nuclear industry,7 low friction surfaces,6 and coatings for electrodes in 
batteries and fuel cells.6 
B. Layered Materials 
 Layered materials comprise a class of materials that share a basic structure of 
many stacked 2-dimensional layers. Examples of layered materials are graphite, boron 
nitride, MAX phases, clays, and MXenes. Individual parts of any given layer are 
generally strongly covalently, ionically, and/or metallically bonded together, while each 
layer is bound to the next through far weaker van der Waals forces.8,9 Due to the weak 
bonding between layers, it is relatively easy to separate the layers in these materials. This, 
in turn, leads to some shared applications amongst many members of the layered 
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materials family, including use as a lubricant10 or an anodic material in lithium-ion type 
batteries.11 
Among delaminated materials other than MXenes, easily the most well-known 
thin film deposition has been that of graphene. Ironically, the method for depositing 
graphene, which eluded scientists the world over for decades, consisted of simply using 
scotch tape to pull thin layers of flakes off of graphite.12 Another layered material, boron 
nitride, has been deposited as a thin film using chemical vapor deposition (CVD).13 A 
third material, graphene oxide, has been successfully deposited as a thin film through a 
method in which a weight acts to press a graphene oxide thin film onto a substrate.2 
Finally, a thin film of montmorillonite clay was deposited by way of functionalizing the 
clay’s surface using aminopropyltrimethoxysilane so that it adhered to a glass substrate.3 
C. MXenes 
The term MXene refers to MAX phase materials that have been etched (most 
commonly in hydrofluoric acid (HF)) to remove the A element from the compound. 
Thus, for the Ti3AlC2 MAX phase material that is the focus of present research for this 
thesis, the corresponding MXene is Ti3C2. Structurally, MXenes are a family of 2D 
layered materials with extremely high specific surface area.11 MXenes display 
significantly different properties than their MAX phase counterparts and are a much more 
recent development.14 As an important part of depositing thin films of MXenes, one of 
the main goals of MXene research is to achieve as few stacked layers as possible. This is 
achieved through exfoliation of the MAX phase material to form the corresponding 
MXene, followed by intercalation to increase the spacing between the layers, weakening 
inter-layer van der Waals stacking, and finally delamination to split the layers apart.15 
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Therefore, delamination that results in a significant number of single or few-layer thin 
flakes is an important area of study for this thesis, as it is critical for the purpose of 
deposition of a high quality thin film of MXene flakes. Atomically or molecularly-thick 
thin films exhibit unique properties that may vary significantly as the thickness of these 
materials increases. As a result, it is crucial to precisely control the thickness of these 
films, in our case by the delamination of the MXene precursors.16,17 
  i. History & Applications 
The first work reporting on MXenes appeared in 2011 from the Gogotsi and 
Barsoum groups at Drexel University.14 To date, the only MXenes synthesized are 
Ti3C2,14 Ta4C3,18 (Ti0.5,Nb0.5) 2C,18 (V0.5,Cr0.5) 3C2,18 Ti3CN,18 and Ti2C.11 Additionally, 
researchers were recently able to synthesize three new MXenes, Nb2C, V2C, and Nb4C3, 
by etching their MAX phase counterparts in HF.15 This development serves to illustrate 
the large number of potential MXenes available for study, while indicating the relative 
youth of this class of materials. A few examples of this early work include a paper 
detailing exfoliation of several MAX phase materials into MXenes using HF,11 
experimental work on the use of MXenes as an anodic material in lithium ion batteries,11 
and a computational-based study on whether Ti3C2 could serve as a good anode material 
in lithium ion batteries.19 Along with firmly establishing applications in lithium-ion 
batteries as a focus for MXene research, this early work began research into reliably 
delaminating MXene to obtain one- or few-layer MXene. This research forms the 
groundwork upon which this thesis and thin films of MXene are based.   
More recently, it was found that Ti3C2 could be intercalated for the purposes of 
increasing interlayer distance using a number of organic substances including:  urea, 
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hydrazine monohydrate, hydrazine monohydrate in the presence of dimethyl formamide, 
and dimethyl sulfoxide. The revelation that multiple intercalates can be used to 
successfully intercalate MXene was significant in that it opened new potential avenues 
for MXene products (papers, films, etc.) with substantially different properties than those 
offered up to that point through intercalation solely with dimethyl sulfoxide.20 Proper 
intercalation of MXenes is just as crucial as proper delamination for the purpose of 
synthesizing one- or few-layer MXenes for thin films. Intercalation is discussed in more 
detail in section II B-iv, but, briefly, it involves particles of certain chemicals inserting 
themselves between MXene layers and increasing the d-spacing. This increase in d-
spacing weakens the van der Waals forces holding the layers together, allowing 
delamination of the MXene to be more effective. 
Determination of more effective intercalation agents than dimethyl sulfoxide 
(currently, the most effective known for Ti3C2)20 is an important avenue of current 
MXene research.  For example, it was recently reported that cations such as Mg2+, Al3+, 
K+, NH4
+, and Na+ can be intercalated in between MXene layers.21 It was observed that 
such intercalation resulted in properties highly desired in batteries, such as capacitance of 
over 300 farads/cm3 and negligible decreases in performance after 10,000 cycles at 1 
A/g.21 
With a high specific surface area and vulnerability to oxidation it is important to 
know the condition under which MXenes are stable, especially for work involving thin 
films that may be only a few atomic layers thick. Our understanding of the oxidation 
process that occurs in MXenes is still incomplete, but recent computational simulations 
and calculations have allowed for significant improvements in that area.22 These 
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improvements include discoveries that, during the oxidation of Ti2C, adsorbed O2 
dissociates with little to no barrier, due to unsaturated Ti 3d orbitals.22  Once dissociated, 
O diffuses about the surface easily due to a barrier height of only 0.53 electron volts, 
eliminating one kinetic barrier to oxidation.22  
Calculations have shown that both MAX phases and MXenes may have excellent 
hydrogen storage capacity, but experimental work is necessary to confirm this.23 
Additionally, recent work with density functional theory has significantly augmented 
existing knowledge on MXenes’ structural, electronic, and magnetic properties.24,25 For 
example, researchers observed that lattice parameters of Ti2C(OH) 2 and Ti3C2 (OH) 2 
vary considerably with the type of OH attachment24 and that metallically behaving 
MXenes become semiconductors with surface functionalization.25 
Chief among the possible applications for MXenes is the aforementioned use as 
an anode material in lithium ion batteries. While the research on MXenes and their 
properties is still in the relatively early stages, the theoretical, computational, and 
experimental data so far available is promising. 18-19, 22 In addition to MXenes’ 
electrochemical properties, their optical properties are also of some interest. With 
sufficient intercalation and following delamination, sheets consisting of one or a few 
layers of MXene are very thin – on the order of only a few microns. Light in the visible 
spectrum can easily penetrate MXenes of this thickness, as shown in Figure 2. MXene 
thin films would be unobtrusive (lightweight & transparent) and conductive, potentially 
making them ideal for use in everything from photovoltaic panels to consumer electronics 
(on or directly below glass screens). 
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Figure 2. Optical micrographs (transmitted light) of exfoliated Ta4C3 (A) and 
Ti3CNx (B) 18 
 
 
 
    ii. Structure 
The basic atomic structure of the MAX phase Ti3AlC2, post exfoliation MXene 
Ti3C2 structure, and post delamination (sonication) Ti3C2 structure are shown in Figure 3 
(parts a, b, and c, respectively). 
 
 
Figure 3. Atomic structure diagrams of MAX phase Ti3AlC2 (a), post exfoliation MXene 
Ti3C2 (b), and post delamination/sonication MXene Ti3C2 (c) 14 
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A schematic representation of the exfoliation and delamination procedure is given 
in Figure 4, while scanning electron micrographs show the pre and post exfoliation 
structure of Ti3C2 in Figure 5. As noted above, the MXene structure consists of atomic 
layers of Ti and C, held together by either van der Waals forces or hydrogen bonding.14 
These layers are typically separated by ~19.5 Å20 and terminate in O, OH, and/or F.21 
Density functional theory calculations have estimated Ti3C2’s a and b lattice parameter 
values at ~3.29 Å.24 Much like the MAX phases they are synthesized from, MXenes 
feature a hexagonal crystal structure.14 
 
Figure 4. Diagram of exfoliation of aluminum out of MAX phase Ti3AlC2 to form Ti3C2 
MXene.18 
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Figure 5. Scanning electron micrographs of MAX phase Ti3AlC2 (left) and HF exfoliated 
Ti3C2 MXene (right).18 
 
In the case of exfoliation of Ti3AlC2 to Ti3C2, the MAX phase material is 
immersed in HF for a number of hours, after which the exfoliated MXene is removed and 
washed of HF and newly exfoliated aluminum. This is possible because the aluminum is 
more reactive and less strongly bonded to the rest of the MAX phase than the titanium 
and carbon are bonded to each other.14 A visual depiction of the exfoliation method 
(etching using varying concentrations of HF) is shown in Figure 4. The difference 
between MAX phase Ti3AlC2 and exfoliated MXene Ti3C2 is shown in a pair of scanning 
electron micrographs in Figure 5.  
   iii. Etching, Exfoliation, & Associated Techniques 
Exfoliation refers to any one of several processes that result in the extraction of 
certain desired parts of a compound. Etching, on the other hand, refers to the elements or 
layers in the exfoliation processes that are not desired and are disposed of. In the specific 
case of Ti3AlC2, Ti3C2, the desired compound, is exfoliated, while Al, the undesired 
element, is etched and discarded. Exfoliation is useful primarily when dealing with a 
situation where a material with certain elemental composition is desired (such as Ti3C2 or 
another MXene) but is difficult or impossible to synthesize through simply combining 
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each of its requisite elements. In such cases, the best option is often to synthesize the 
desired material by way of exfoliation and etching. 
Although only one exfoliation technique is used in this thesis work (etching by 
HF), a number of alternative methods exist. A working knowledge of many of these 
techniques is important if one hopes to come to an understanding of how additional 
MXenes could potentially be synthesized, and so a summary is given. A key difference 
should be noted between the exfoliation technique used for this thesis and those 
summarized below. In exfoliating Ti3C2 with HF, some delamination takes place, as is 
evident in the layers splitting apart in the right side of Figure 5. This delamination is not 
nearly sufficient for synthesizing one or few-layer MXene thin films, so a delamination 
step follows shortly after exfoliation. In the alternative exfoliation methods touched on 
below, the exfoliation step’s delamination is sufficient. These methods thus accomplish 
both exfoliation and delamination in a single step. 
The first of these methods are sonication in solutions of surfactants, polymers, or 
solvents. They involve creating a solution of the layered material being exfoliated and 
either a surfactant, a solvent, or a polymer dissolved in a solvent (such as tetrahydrofuran 
or cyclohexanone). The solution is then sonicated. Following this, the solution is allowed 
to settle for a day and then centrifuged. Finally, some of the supernatant is collected with 
a pipette, which contains the exfoliated material. These methods have been used to 
synthesize graphite, hexagonal boron nitride (hBN), transition metal dichalcogenides and 
Mn oxides.26,27,28,29,1 
The final method discussed here is ion intercalation. This method is one of the 
most versatile, as it has been used to synthesize transition metal dichalcogenides,30 metal 
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halides,31 Mn oxides,32 Nb oxides,32 trioxides,32 trirutile phases,33 perovskites33,34 and 
niobates,32 oxyhalides of transition metals,35 and III-VI semiconductors.36 This method 
begins with creating a solution of the material to be exfoliated and the chemical being 
used for intercalation (butyl lithium, for example). The solution is diluted as needed with 
hexane or other chemicals and then sealed. Next, the solution is heated to allow for 
intercalation and the intercalated material is filtered. Finally, the exfoliation occurs by 
repeatedly washing with DI water and centrifuging. 
   iv. Intercalation & Delamination of MXenes 
Intercalation is a technique commonly used to increase the interlayer spacing in 
materials, often as a precursor to attempting to separate the aforementioned layers. This is 
certainly the case for synthesizing MXene, where intercalation is used to weaken the van 
der Waals bonds holding MXene layers together before those layers are split apart 
entirely. The intercalant and the exact process involved in intercalation differ from case 
to case. In general, intercalation involves taking a certain chemical or compound well 
suited to the material being intercalated and then mixing the two.20 The mechanism of 
intercalation varies, but in the case of MXene, the intercalant will insert itself in between 
MXene layers using energy obtained from a redox reaction with the MXene. This 
insertion then widens the interlayer spacing in the material being intercalated due to the 
repulsive forces acting between the material’s layers and the intercalant particles wedged 
in between. In the case of intercalation of the MXene Ti3C2, dimethyl sulfoxide has 
proven most effective at intercalation.20 Intercalation can be seen visually depicted in 
Figure 6. 
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Figure 6. Diagram of intercalant particles forcing apart layers of host material.37 
 
 
Delamination is the act of splitting apart the layers of a material. While 
delamination is most often mentioned as an undesirable failure mechanism for layered 
materials, it is very much desirable for certain materials and applications. Delamination is 
very helpful for achieving very high specific surface area in materials. It is also useful for 
applications that call for materials thin enough to be transparent. In the case of MXenes, 
delamination is sought because of a desire for both high specific surface area and 
transparency. Delamination is also a prerequisite for MXene thin films, as exfoliation 
alone does not offer sufficient delamination for a thin film (Figure 5, right). 
With regard to MXene layers, delamination is achieved using sonication.20 In 
sonication, ultrasonic waves are generated which result in alternating high and low 
pressure waves along with small voids that form and implode almost immediately. The 
combination of alternating pressure and cavitation act to shake the intercalated (and thus 
more weakly bonded) MXene layers apart.38 Figure 4 shows a very basic visual 
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interpretation of what results from thorough delamination of MXene, while box B of 
Figure 5 shows the delamination that begins during the etching process. 
D. Surface Functionalization through Formation of Self-Assembled Monolayers 
Surface functionalization refers to the modification of a surface using one or more 
kinds of functional groups in order to change the surface’s properties, appearance, or 
behavior. Surface functionalization has been used for applications including silver 
nanoparticles to detect toxic mercury ions39 and lanthanide nanoparticles to selectively 
image and inhibit cancer agents.40 In this thesis, it was observed that MXene particles 
only rarely adhered to glass, silicon, and quartz surfaces, as there was no strong force to 
bond the MXene to the surfaces. Functionalizing the surfaces of glass, silicon, and quartz 
to encourage adhesion of MXene thin films provided a solution to this issue. 
 Self-assembled monolayers (SAMs) refer to the spontaneous 
physicochemisorption of a monolayer of alkylchlorosilanes, long-chain acids, or 
alkylthiols to a substrate.41 When an SAM forms, it does so with strong physical or 
chemical bonds to the substrate. In general, chemicals featuring longer chains will have a 
greater likelihood of forming a SAM.41 Although a single SAM is generally sufficient for 
the purposes of surface functionalization, SAMs have been known to spontaneously 
assemble up to 25 layers in thickness.41 
E. Characterization Techniques 
A variety of characterization techniques are needed to properly analyze and 
describe thin films. High quality thin films of only a few layers are too thin to be seen or 
described in great detail with anything short of a scanning electron microscope (SEM). 
Such films can be detected using several methods. The synthesis process for MXenes is 
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still far from optimized and subjects the MXene to a variety of mechanical, chemical, and 
thermal stresses. The end result of this highly imperfect process is non-uniform MXene 
flakes. Any film created using such MXene will very likely feature agglomerates or large 
particles of a size that is detectable by optical microscopy.18 These agglomerates and 
large particles, if visible optically, can also be identified as MXene using Raman 
spectroscopy.14 While agglomerates and large particles are clearly not themselves part of 
a thin film, their presence in significant numbers on a surface likely also indicates the 
adhesion of smaller flakes potentially constituting a thin film. Other analytical methods, 
such as contact angle measurement (CAM) and ellipsometry, have been shown to identify 
the presence of thin films.42,43 While SEM is most useful for observing thin films 
themselves, transmission electron microscopy (TEM) can be helpful in observing the 
presence of oxidation or other contamination in thin films due to the very small size of 
the associated particles. Given the importance of optical properties such as absorbance of 
light for MXene thin films, characterization of such properties using techniques like 
ultraviolet-visible spectrophotometry (UVS) is also useful. 
   i. Optical Microscopy 
 Optical microscopy allows for quick and easy magnification of objects such that 
features only a micron in size become describable. Thin films are often so thin as to be 
transparent, and thus invisible to an optical microscope). That being said, larger particles 
that may accompany thin films can be readily observed optically. In the specific case of 
MXenes, sonication is not sufficient to fully break apart every layer of every particle of 
MXene.14 Optical microscopy offers a means to observe the adhesion of larger MXene 
particles using a particular method. While optical microscopy by itself is insufficient for 
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searching for thin films, much less describing them, it does prove instrumental in 
identifying samples that may host a thin film. 
 Optical microscopes are the oldest and least complex microscopes, but only offer 
up to about 2,000x magnification as a tradeoff for their simplicity and ease of use. 44 
Optical microscopes commonly feature a lamp to serve as an illumination source, along 
with a condenser lens that directs light from the illumination source to the sample.44 The 
sample then reflects this light through one or more objective lenses, which serve to 
magnify the sample up to 100x.44 The light from the sample then travels through the 
eyepiece, which further magnifies the image of the sample and serves to put it in focus 
for the microscope user.44 
   ii. Raman Spectroscopy 
 Raman spectroscopy serves as a method for further analyzing features located 
using optical microscopy. Using Raman spectroscopy, unidentified features can be 
identified and, more specifically, features thought to be MXene can be proven to be 
MXene. When photons impact a molecule, the molecule is suddenly infused with extra 
energy. In some cases, the molecule rises to a virtual (as opposed to discrete) energy 
level, and upon returning to a lower energy state, a photon is emitted.45 The emitted 
photons can be referred to as either Stokes or anti-Stokes Raman scattering. Stokes 
Raman scattering occurs when the emitted photon has less energy than it began with, 
resulting in a decrease in energy measured as the Raman shift.45   The opposite occurs 
during anti-Stokes Raman scattering, where the emitted photon has more energy than it 
began with. Such scattering occurs only in the case of a change in polarization of the 
molecule, so Raman spectroscopy is only active for excitations that result from changes 
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in the polarization of molecules.45 Since different types of molecules emit different 
Raman scattering given the same excitation source, detection and measurement of the 
Raman scattering allows elements and molecules to be identified.45 The vast majority of 
the time, molecules in the sample end up with the same amount of energy they began 
with, and the photons emitted as a result are known as Rayleigh scattering.45 The three 
types of scattering are depicted graphically in Figure 7.45 Due to the low chance of 
Stokes and anti-Stokes Raman scattering, a high intensity laser is used to bombard 
sample molecules with photons.45  
 
Figure 7. Graphical representation of three primary types of photon emission in 
response to laser bombardment of molecules. Rayleigh scattering is elastic, resulting in 
no net energy change. Stokes Raman scattering is inelastic, resulting in energy gain for 
the molecule. Anti-Stokes Raman scattering is inelastic, resulting in energy loss for the 
molecule. 
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  iii. Contact Angle Measurements 
 Monolayers are far too thin to be detected by techniques such as optical 
microscopy, however, they significantly change the interfacial free energy of surfaces. 
This change in interfacial free energy can be accurately measured using the change in 
hydrophobic/hydrophilic behavior. Essentially, CAM involves taking high resolution, in 
focus pictures of a drop of a given liquid (commonly DI water or phosphate buffer 
solution) such that the angle between the liquid drop and the surface can be quantified. In 
this way, substantial changes in the interfacial free energy of surfaces can be measured 
based on substantial changes in contact angle. 
 Determining interfacial free energy using contact angles is possible because of the 
ramifications of Young’s equation (Eqn. 1.1),46 which states that: 
γlv cos θ = γsv – γsl  ,                                                          (Eqn. 1.1) 
where γlv is the interfacial free energy between the liquid and vapor phases (better known 
as surface tension), theta is the contact angle, γsv is the interfacial free energy between 
the solid and vapor phases, and γsl is the interfacial free energy between the solid and 
liquid phases. The balancing of these three interfacial free energies help to determine the 
way a drop spreads out along a surface, and so directly determine the contact angle.41 
This relationship is demonstrated below in Figure 8. 
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Figure 8. A graphical representation of Young’s equation, showing how the contact 
angle, θ, is determined by the way in which the interfacial free energies balance. 
 
   iv. Scanning Electron Microscopy 
 Scanning electron microscopy is essential for proper characterization of thin 
films, as it is one of very few techniques capable of actually providing a visual image of 
truly thin films. SEM allows magnification up to several hundred thousand times while 
still offering the resolution and image quality needed to discern characteristics of thin 
films and other samples. While techniques such as CAM and ellipsometry can detect a 
possible thin film, SEM can prove the existence of such a film. 
 In some ways, SEM is quite similar to optical microscopy. SEM also features one 
or more condenser lenses to focus the beam being used for analysis, and SEM also 
includes one or more objective lenses to magnify the image that will be seen by the 
user.47 Unlike optical microscopy, SEM uses electrons instead of visible light to bombard 
the specimen and, ultimately, generate an image. The use of electrons offers several 
advantages; chiefly, a much lower resolution due to the much smaller size of electron 
wavelengths compared to the wavelengths of visible light.47 Electrons are provided by an 
electron gun, which heats an element (often tungsten), causing electrons to emit.47 The 
electrons travel through the microscope’s column and through all of the lenses and hit the 
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sample, interacting with molecules on or just below its surface in such a way that certain 
detectable signals are produced.47 In order to prevent air molecules from interfering with 
the electrons in SEM, the interior of the microscope is brought under vacuum.47 A 
detector collects the produced signals, using them to generate an image of the topography 
of the sample surface.47 There are several types of signals, but two of the most significant 
are secondary electrons, which are simply electrons that result from bombardment with 
enough energy, and backscattered electrons, which are electrons fired by the electron gun 
that fly back out of the sample due to their interaction with atoms in the sample.47 SEM 
can also determine the composition of region on the surface of a sample using energy 
dispersive X-ray spectroscopy (EDS), which bombards the sample surface with X-rays.47 
The X-rays add energy to the atoms they impact, causing electrons in the atoms to rise to 
higher energy levels.47 When the electrons return to their ground state, X-rays are emitted 
that are characteristic of the element that emits them.47 These X-rays are then detected 
and used to determine the elements in the region analyzed with EDS.   
   v. Transmission Electron Microscopy 
 Transmission electron microscopy is capable of even higher magnification (up to 
tens of millions of times) and lower resolution than SEM.48 As a result, TEM is 
exceptional for determining basic structural constants of materials, such as lattice 
parameters and d-spacing.48 In the context of films, TEM offers several advantages when 
observing oxidation and contamination by other small particles. First, the effects of 
oxidation of titanium, TiO2 particles, are on the order of a few nanometers in size and are 
thus very difficult to see in SEM.49 Second, selected area diffraction (SAD) patterns in 
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TEM facilitate easy differentiation of objects with different structures, such as MXene 
and TiO2 particles.48 
 TEM features an electron gun similar to that found in SEM, as well as a series of 
lenses and apertures. The lenses serve to focus the electrons from the gun in particular 
directions, while the apertures act to remove wayward electrons that have moved too far 
out of focus.48 Similarly to SEM, TEM features a vacuum inside the instrument to avoid 
air interfering with the electrons in the beam. Specimens in TEM must be extremely thin 
due to the requirement that electrons be able to pass through the specimen in order to 
characterize it.48 Once the beam’s electrons have traveled through all of the lenses, they 
then transmit through the specimen and impact a screen, where the interaction of the 
beam electrons with the specimen creates either an image or a diffraction pattern.48  
   vi. Ultraviolet-Visible Spectrophotometry 
 Ultraviolet-Visible spectrophotometry is a technique through which a material’s 
ability to absorb light at visible, near-UV, and near-IR wavelengths can be measured. 
Measuring absorption properties of thin films is absolutely crucial for certain potential 
applications. For example, given their transparency, thinness, and electrical conductivity, 
MXene thin films could potentially be used as a transparent, conductive film in consumer 
electronics. For such an application, the importance of accurate measurements of MXene 
thin films’ absorption of visible light cannot be understated. Measurements available 
from UVS can essentially act as the quantification of a MXene thin film’s transparency 
(or lack thereof). 
 UVS features a chamber into which little to no outside light can penetrate. 
Samples and references are placed in the chamber as needed. When the UVS begins 
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measurement, it starts outputting light at specified wavelengths.50 One or more filaments, 
with deuterium and tungsten being two common examples, produce the light.50 Multiple 
filaments are generally found in any one UVS device because each filament can only 
produce light in a certain range of wavelengths.50 The light produced by the filaments is 
focused such that it travels directly through the specimen and is then detected on the 
other side of the chamber.50 The intensity of light detected leaving the chamber at each 
wavelength is compared to the intensity of light that entered the chamber at each 
wavelength.50 Using this data and the Beer-Lambert law, UVS is able to quantify a 
material’s relative absorption of light at various wavelengths.50 The Beer-Lambert law 
(Eqn. 1.2)50 is as follows:  
A = ε (c) (b)  ,                                              (Eqn. 1.2) 
where A is the absorbance of the light, ε is the molar absorbtivity, c is the the 
concentration of the substance being examined in the solution, and b is distance through 
which light must travel in the solution.50  
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III. Materials, Instruments, & Methods 
 
A. Materials 
 Raw powders used to synthesize the MAX phase Ti3AlC2 were TiC, 99.5% from 
Alfa Aesar and Ti2AlC (trade name Maxthal 211) from Kanthal AB. 49% hydrofluoric 
acid (Fisher Scientific) was used for etching, while dimethyl sulfoxide, ACS, 99.9% from 
Alfa Aesar was used for intercalation. Ethanol used throughout the work was 190 proof 
from Decon Labs, Inc. Acetone used was ACS from Fisher Scientific. Deionized water 
used throughout was provided by a Millipore Milli-Q water purification system. Glass 
slides used were from Pearl (plain untreated) and Bio SB (hydrophilic treated). Quartz 
slides were from Electron Microscopy Sciences. Materials used to make piranha solution 
were 30% hydrogen peroxide, aqueous from Fisher Biotech and 95% sulfuric acid from 
Acros Organic. Argon used throughout was ultra purity grade from Airgas. Surfactants 
used early in the work were Triton, Brij 98, sodium dodecyl sulfate, and 
hexadecyltrimethyl ammonium bromide, all from Sigma Aldrich. Poly-L-Lysine used 
was 0.1% w/v in water from Sigma Aldrich. The silane used to form self-assembled 
monolayers was [3-(2-Aminoethylamino)propyl]-trimethoxysilane (APTES, purity?) 
from Sigma Aldrich. Chemicals used for certain substrate specific self-assembled 
monolayer methods were acetic acid, 99.5% pure from Acros Organics, hydrochloric 
acid, ACS from Fisher Scientific, Toluene, ACS from Fisher Scientific, and chloroform, 
99+% from Acros Organics. Drops used for contact angle measurement were Dulbecco’s 
phosphate buffered saline from Cellgro. UltraTape from All-Spec Industries Inc. was 
used as a low residue alternative to scotch tape. 
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B. Equipment & Analytical Instruments 
 Delamination of MXene was performed with a GB-2500B ultrasonic cleaner from 
BringNew Ltd., while for other sonication, a Jeiotech UC-02 ultrasonic cleaner was used. 
A Scientific Industries Vortex Genie 2 helped in breaking up MXene sediment at the 
bottom of centrifuge tubes. For centrifuging, a Labnet Hermle Z400 was used, generally 
at 3500 RPM for an average of 1500 g of acceleration, though 1750 RPM for 750 g of 
acceleration was used for post delamination MXene. A Lab-Line Junior Orbit Shaker was 
used for all shaking steps, with 1.5-4 g acceleration depending on sample placement. 
Bulk MAX phase samples were made using an Instron 5800R cold press, Asea Brown 
Boveri MiniHIPper hot isostatic press (HIP), and finally cut using a Struers Accutom-5 
diamond saw. The tube furnace used to make non-bulk MAX phase was custom built and 
is shown below in Figure 9. Dip coating was performed using a TL0.01 dip coater from 
MTI Corporation. 
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Figure 9. Custom built tube furnace used to synthesize non-bulk Ti3AlC2. 
 
 
  Optical microscopy was performed using a LECO Olympus PMG 3 with a Spot 
Insight Color camera and both bright and dark field imaging. Optical microscopy and 
Raman microscopy were performed side by side on a LEICA CTR6000 setup using a 
Renishaw inVia Raman microscope. Raman settings were a 514.5 nm argon laser, 1800 
lines mm-1 grating, 100% focus, and 5-100% power depending on sample thickness and 
orientation. Ultraviolet-visible spectrophotometry was performed using a Thermo 
Scientific Evolution 600 scanning between 200-850 nm with bandwidth of 1.0 nm, and 
tungsten and deuterium filaments. Scanning electron microscopy was performed at 3 keV 
using a Zeiss Supra 50VP. Transmission electron microscopy was performed using a 
JEOL JEM2100. Contact angle measurement was performed on a custom setup as shown 
in Figure 10. 
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Figure 10. Setup used for contact angle measurement in lieu of goniometer. Several 
stacked glass slides allow easy variation of sample height relative to camera height while 
tissues help to balance sample stage. 
 
C. Methods 
   i. MAX Phase and MXene Synthesis 
The standard process involved in formulation of each batch of MAX Phase 
material (exclusively Ti3AlC2 for this research) consisted of a few steps. First, preformed 
powders of Ti2AlC and TiC were mixed to form Ti3AlC2 powder. The two types of 
powder were then bottled and placed into a v-milling for 18 to 24 hours to facilitate 
quality mixing of the two powders. The mixed powder was then baked in a tube furnace 
that rose from 60 ˚C to 1360 ˚C at a rate of 10 ˚C per minute, and then stayed at that point 
for two hours before cooling again. The resulting brick of MAX Phase material was 
removed and then milled to obtain Ti3AlC2 powder in a form fit for exfoliation. The 
powder was then passed through 75 µm and 38 µm sieves and separated by size into 
particles >75 µm, <38 µm, and everything in between. 
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With the MAX Phase material having been synthesized, the exfoliation into 
MXene could begin. One of the sizes of powders was selected for exfoliation at any given 
time, with all three size ranges being used at least once. Next, HF was poured into a 
plastic vial bottle in a ratio of 10 milliliters per 1 gram of powder being exfoliated. The 
powder was then poured little by little into the HF and the solution was bubbled with 
argon in order to replace the oxygen inside the bottle and help prevent oxidation. After 
about 18 hours or more of etching, argon bubbling was stopped and the container was 
sealed to prepare for washing or filtering. 
Following this, the MXene was either washed or filtered out of solution. If 
filtering was used, it involved use of a vacuum pump to remove most of the liquid from 
the MXene. Once this was completed, around 400 milliliters of deaerated water was 
poured on the etched powder piled on the paper filter in order to wash it and remove trace 
amounts of HF and other contaminants. The filter was then removed, the etched powder 
was scraped (or rinsed with ethanol) into a plastic cup, and allowed to dry as needed for 
several hours or days. 
Washing involved centrifuging the MXene solution at 3500 RPM for an hour. 
This process was repeated four to five times, with the supernatant being removed and 
replaced with either DI or deaerated water in between each centrifuging run. Following 
this, some more DI or deaerated water was added and each vial was subjected to vigorous 
vibration to get the powder agglomerated at the bottom of each vial into the water. The 
vials were then poured into a plastic cup and left for several days to dry. 
Following etching, filtration, and drying, the resulting powder was checked for 
visible contaminants and washed again if contaminants were present. Otherwise, the 
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powder proceeded to the intercalation step. For this step, dimethyl sulfoxide was poured 
into a glass bottle in a ratio of about 20 milliliters per gram of MXene. The MXene was 
then added to the dimethyl sulfoxide (DMSO), and stirring was employed. As with the 
exfoliation step, argon bubbling was used to prevent oxidation. After about 18 hours of 
intercalation, the MXene was ready for delamination.  
For this final step, the MXene was centrifuged and the supernatant poured out to 
remove most DMSO and was then added to between 400 milliliters and 1 liter of 
deaerated water in a large glass jar. The jar was then placed into a bath-sonicating 
machine and subjected to three to six hours of sonication with argon bubbling. Following 
sonication, the MXene was at last ready for use. 
   ii. Single Large Flake Isolation Methods 
 The first method attempted involved the use of larger MAX phase particles and 
the only changes to the procedure were the specific use of >75 µm particles and no 
stirring, since it was thought that stirring might break the particles apart, and that argon 
bubbling would suffice for purposes of mixing. 
 The second method involved the addition of surfactants during delamination. One 
of four surfactants (Triton, sodium dodecyl sulfate, hexadecyltrimethyl ammonium 
bromide, or brij 98) was added to a jar of deaerated water in the amount of 2.5 wt % and 
stirred. If the surfactant dissolved fully, more was added (either up to 5 wt % or up to 10 
wt %) and the process was repeated. If the surfactant failed to fully dissolve, more water 
was added or heat was used to aid in dissolving the surfactant. Once this was done, the 
MXene was added and mixed in, and sonication continued as normal. Special analysis for 
this step consisted of TEM imaging at the end of the process. 
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 The final method completely altered the synthesis of the MAX phase material in 
order to create so called “bulk samples” of MXene through replacing the tube furnace and 
milling steps of the synthesis process with cold pressing, hot isostatic pressing, and a 
diamond saw. The goal here was to increase the grain size of the MAX phase, which 
would likely carry over to the final flake size of the delaminated MXene that resulted 
since MXene flakes break apart along grain boundaries. A larger grain size can be 
attained using the HIP than using the normal tube furnace and milling procedure for two 
reasons. First, because by using a bulk sample, milling, which may damage grains and 
break them apart with mechanical forces, is avoided. Second, because in the HIP, the 
grains can be coarsened without carbides forming, as would normally be the case in the 
tube furnace. 
After mixing of the powders in the v-miller, the well-mixed Ti3AlC2 was placed 
into a cold press. The cold press was very slowly increased to 450 MPa, held for one 
minute, and then unloaded at 75 MPa/min. The newly compacted disk of MAX phase 
material was then moved into a HIP. The HIP was increased to 750˚C at 10˚C/min, 
increased to 850˚C at 2.5˚C/min, held for 30 min, ramped up to 8 ksi pressure over one 
hour, raised up to 10 ksi and 1400˚C at 5˚C/min, held for eight hours, and then 
temperature and pressure were brought down gradually to atmospheric levels. The solid 
piece of completed MXene bulk material was then removed from the HIP and either 
placed directly into HF for etching as normal or a piece was cut off using a diamond saw. 
The piece could then be etched in HF in much less time given the smaller amount of bulk 
material and the higher surface area exposed to the acid. Analysis of grain and particle 
size, as well as extent of delamination, was performed using SEM. 
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   iii. Thin Film Deposition Methods 
The first method attempted was the so-called “scotch tape method”. For this 
method, scotch tape was lightly stuck to dry Ti3C2 on a cellulose filter and the tape was 
then removed. The tape was either pressed lightly, pressed heavily, or was cut into a tiny 
strip and touched to the tape with tweezers. Three hydrophilic positively charged glass 
microscope slides were then taken and cleaned with ethanol. Each of the three pieces of 
tape were then pressed onto one of the slides, with force roughly equal to that used to 
originally press each piece of tape to the filter with MXene.  
In addition to the above scotch tape method, an second, modified scotch tape 
method was used. Here, some MXene pieces were scraped off of a filter onto the middle 
of a piece of scotch tape. The tape was then adhered to itself repeatedly in such a way 
that the MXene was pulled apart and spread along the length of the tape. This resulted in 
a thinner layer of MXene that could more easily deposit a correspondingly thin layer of 
MXene on slides. The tape was then pressed to the slides with the force used for pressing 
varying from very light to medium to heavy. The difference in MXene accumulation on 
the tape between the two versions of this method is shown in Figure 11. Analysis of 
slides used in this method was performed using an optical microscope. 
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Figure 11. Original scotch tape method (A) compared to updated scotch tape method 
(B). 
 
  
 There were still some unresolved issues, so an alternative tape was then 
experimented with. The new, residue-free tape promised to leave little to no sticky 
residue from the tape on the slides. The residue-free tape was used with the above altered 
scotch tape method. Finally, optical microscopy was carried out on the glass slides that 
the tape was applied to. 
 Another method used, henceforth referred to as the weight method, came out of a 
study in which thin films of graphene oxide were successfully deposited onto a substrate 
off of a filter.2 For this method, pieces of ~1 cm2 or smaller were cut from filters covered 
in MXene and dipped in DI water. The filter pieces were then placed MXene side down 
on glass slides that had been cleaned in ethanol. A weight totaling about 1 kilogram was 
then placed on top of the slide and filter piece and left until the filter piece dried. 
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Following this, the weight and filter piece were removed, and the slides were sonicated 
for 5 minutes in acetone and washed in ethanol. Finally, the slides were examined using 
bright and dark field optical microscopy. Two types of MXene filters were used and 
compared for differences in flake deposition – filters with a thin layer of MXene and 
filters with a thick layer of MXene. 
 The third method, drop coating, consisted of filling a pipette with MXene solution 
and dispensing a drop on a glass slide that had been cleaned in ethanol. The slide would 
then be left to dry in air. Theoretically, when the water in the drop dried, a thin layer of 
flakes might be left behind. For this method, both plain glass slides and glass slides 
treated to be somewhat hydrophilic were used. 
 The fourth method consisted of using a dip coater to secure glass slides vertically 
and then dip them into MXene solution one or more times. To help with flake adhesion, 
positively charged hydrophilic slides were used, since MXene flakes are negatively 
charged and the aqueous solution spreading itself along the slide surface was desirable. 
 The final methods involved the formation of SAMs on clean glass slides in order 
to promote MXene adhesion.  Two chemicals were used for forming the SAMs: N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (APTES) and poly-l-lysine (PLL). Each 
chemical had its own specific methods. Additionally, silicon and quartz had specific 
methods for APTES. 
To begin the process of coating glass substrate with the silane APTES (heretofore 
referred to as Method 1), glass substrate was taken and immersed in piranha solution for 
thirty minutes to one hour. The result would be removal of any contamination on the 
surface of the glass as well as high hydrophilicity, which is desirable for ease of coating 
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in aqueous solutions (IE, both the APTES and Ti3C2 solution). Depending on whether the 
sample run in question incorporated scanning electron microscopy or not, the substrate 
ranged in size from whole glass slides to small (~7 mm to a side) pieces cut from glass 
slides. Piranha solution was produced through mixing of 3 parts concentrated (95%) 
sulfuric acid to 1 part 30% hydrogen peroxide. After the acid and peroxide were mixed in 
a petri dish, the dish was heated to 90 ˚C, and this was maintained throughout the 
cleaning process. Using metal tweezers, the glass substrates were laid flat in the piranha 
solution and left undisturbed for the duration of the cleaning. Once the cleaning duration 
was finished, substrates were removed from the solution, rinsed for a few moments in DI 
water, and dried using high-pressure argon gas. 
 Following cleaning in piranha solution, substrates were immersed in aqueous 
solution of ~1% APTES for coating. Duration of coating was at least around 24 hours and 
was sometimes as long as several days, as the increased time resulted in a more uniform 
and complete coating of APTES. Fifty-milliliter glass vials were filled halfway or more 
with the aqueous APTES solution, bubbled with argon for several minutes to prevent 
oxidation, substrates were inserted, and the vials were quickly and tightly capped and 
then stored either in a fume hood or drawer for the duration of coating in APTES. 
 After coating in APTES was complete, the coated substrates were subjected to a 
process described by Metwalli et al.51 The substrates were removed from their vials and 
immersed in vials of methanol, which were then placed on an orbit shaker machine for 5 
minutes set to roughly 100 RPM. Following this, substrates were rinsed with DI water, 
dried under argon gas, transferred to vials of DI water and then placed on the shaker 
machine for the same length of time at the same rpm setting. Substrates were then rinsed 
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and dried again, transferred to vials of clean DI water, and the process on the shaker 
machine was repeated once more. After washing and drying the substrates once more, the 
substrates were placed into an oven at 110-120 ˚C for 15-20 minutes. 
 Next, some post coating analysis was necessary to attempt to characterize the 
layer of APTES on the substrates. Originally, this analysis included optical microscopy 
and Raman spectroscopy, but neither was capable of substantively differentiating 
between plain glass and glass with an APTES monolayer. Instead, contact angle 
measurement and ellipsometry were undertaken to attempt to document changes in 
surface energy and find thickness and other properties of the APTES monolayer. The 
processes involved are described in detail in the following subsections. 
 Following this analysis, substrates were finally ready for MXene solution 
immersion and thin film deposition. Delaminated MXene solution that had been 
centrifuged to remove larger particles of MXene from the supernatant was poured into 
glass vials, which were then bubbled with argon. The substrates were then immersed in 
these solutions and the vials quickly and tightly capped. Duration of this step varied, but 
was usually for 6, 12, 24, or 72 hours. Next, substrates were removed with metal 
tweezers, rinsed in DI water, dried with argon gas, and either moved on to final analysis 
or sonicated in ethanol (or ethanol / DI water mix) in a bath sonicator, usually for 30 
seconds, followed by another rinse and dry. 
 Final analysis consisted of optical microscopy, Raman spectroscopy, contact 
angle measurement, and, at times, scanning electron microscopy and/or use of a four 
point probe, as well as attempts at use of ultraviolet-visible spectrophotometry. 
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 Silicon was also used as a substrate due to its compositional similarity to glass (Si 
vs. SiO2), common use as a substrate in the literature, and its ability to potentially be 
characterized using ellipsometry. Method 1 was used for silicon as was a method specific 
to silicon similar to that used by Wang et al. to coat silicon in APTES (henceforth 
referred to as Method 2). In Method 2, only the steps after cleaning in piranha solution 
and before immersing in MXene solution differed.52 Briefly, the silicon pieces were 
placed in a solution of 1% APTES, 94% methanol, 5% DI water, and 1 mM acetic acid 
for 1 hour and then subjected to one of three heat treatments before being rinsed three 
times in methanol and blown dry with argon. The first heat treatment involved heating to 
80 ˚C while in the solution, with 80 ˚C being used since methanol boils well below 120 
˚C. The second heat treatment involved heating to 80 ˚C for 1 hour after being removed 
from solution. The third heat treatment involved no heat at all. In all Raman spectra of 
silicon samples, the intense silicon peak at about 520 cm-1 is zapped to allow MXene 
peaks at 210, 400, and 600 cm-1 to be seen. 
 The last substrate used was quartz, both due to its similarities to glass in terms of 
behavior and due to its absorption of different wavelengths of light than glass. This 
potentially allows for UVS in which the glass absorption does not mask the MXene 
absorption as much. Method 1 was used for quartz as well as a method specific to quartz 
similar to that described by Jesus et al (henceforth referred to as Method 3).53 Method 3 
consisted of immersing a quartz slide in a solution of 50% hydrochloric acid, 50% DI 
water for 24 hours, washing with DI water, drying at 80 ˚C, immersing the slide in a 
solution of 1 mL APTES and 50 mL toluene, washing the slide in toluene followed by 
chloroform and then methanol, and finally heating at 80 ˚C for 24 hours. 
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 For PLL methods, there was only one standard method used across all substrates, 
primarily because PLL is generally used for adhesion of cell cultures. As such, its use 
with glass is fairly common but it is rarely used with silicon or quartz in the literature. 
That method (henceforth referred to as Method 4) consisted of immersing substrates in a 
beaker of 50% ethanol and 50% DI water and sonicating the solution for one hour, then 
blowing the substrates dry with argon gas. Following this, PLL was coated on to the 
substrates through immersion in .1% w/v aqueous PLL solution for about one hour. 
Argon was not generally used during this step given the low duration of coating. Finally, 
substrates were removed from the PLL, rinsed in DI water, heated at 35 ˚C for 20 or more 
minutes, and were then immersed in MXene in a manner identical to that used for APTES 
coated substrates. 
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IV. Results & Discussion 
 
A. Isolation of a Single Large Flake 
 
 Our original focus was isolation of a single large flake of MXene, so that it could 
be examined and measured, particularly for electrical, optical, and thermal properties. 
While thin films of MXene were also of great interest at the time, measurement of 
isolated single large flakes of MXene was considered to be important enough to be the 
focus of this work. Ti3C2 was the focus of this MXene research due to its resistance to 
oxidation18 and the relatively large body of work with Ti3C2 in the literature compared to 
other MXenes. 
   i. Larger Particles 
 
Work towards isolating large single flakes began under the idea that starting the 
process with larger MAX phase particles would lead to eventual separation of larger 
flakes. The results of this method were provided by SEM, and observation of one or few-
layer flakes 25 microns or more across would be mean that the idea was successful. SEM 
micrographs of the flakes produced using larger particles are shown below. 
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Figure 12. SEM micrograph of Ti3C2 MXene flakes, magnified 500x at 10 keV. Particles 
are thick and not much delamination has occurred. 
 
 
As can be seen in Figure 12, the flakes produced were neither fully delaminated 
(and thus not truly 2D), nor were they as large as was desired. Rather than flakes of 
around 25-30 microns in size, most of the flakes appear to be fewer than 5 microns in 
size. Some of the flakes are much larger than the others and come in at up to 15-20 
microns in size, but given the lack of delamination, these larger particles’ sizes are 
deceiving. 
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Figure 13. SEM micrograph of Ti3C2 MXene flakes, magnified 8100x at 3 keV. Lack of 
delamination is obvious. 
 
 
In Figure 13, a flake roughly 10-15 microns in size is shown in much greater 
detail. At this magnification, it is evident that delamination has not occurred to as great 
an extent as was desired. On the left and right sides of the flake, it can be seen that there 
are at least a dozen or more layers present in this flake. At this time, two main issues had 
to be confronted: increasing flake size to 25 or more microns and better isolation of 
flakes through better delamination. Since delamination appeared to be the larger of the 
two problems (as seen in Figures 12-13), it was the focus of the next part of the research. 
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ii. Surfactants 
 
Surfactants were added during the delamination step because their different 
charge from that of the MXene would theoretically help to reduce agglomeration and 
separate the flakes.27 Results were less than promising, as shown below in TEM. 
 
 
Figure 14. TEM micrograph of Ti3C2 MXene flakes in hexadecyltrimethyl ammonium 
bromide surfactant. (TEM courtesy of Olya Mashtalir) 
 
 
 
As shown by Figure 14, TEM micrographs of samples that included the 
surfactants were incredibly distorted. In addition, the surfactant attached itself to the 
flakes, making the analysis especially problematic. When the samples were analyzed with 
TEM and removed, it was found that the surfactants had dissolved the carbon mesh used 
for TEM samples. This helped to explain the distortion in the TEM micrographs. Given 
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these issues with the surfactants, their use to improve delamination was quickly 
abandoned. Focus next turned back to increasing flake size. 
   iii. Larger Grain Size 
 
Increasing the particle size of the flakes failed to significantly increase their size. 
Since it was evident that increased particle size did not affect final flake size, it became 
clear that flakes must break apart at their grain boundaries during delamination. Focus 
turned to increasing the grain size of the starting MAX phase Ti3AlC2. So called “bulk 
samples” of MAX phase Ti3AlC2 were synthesized using a cold press and a HIP. The 
piece of MAX phase that resulted was then exfoliated in HF overnight. The results were 
analyzed using SEM. Flakes of 25-30 microns or larger size were the goal in the 
experiment. 
 Figure 15 is an SEM micrograph showing the flake size that resulted from the 
overnight bulk sample exfoliation. The flakes can be seen to be about 15-20 microns in 
size, a vast improvement from the <2 microns normally seen. Delamination is still 
lacking, but looks to be improved compared to that seen in Figure 13. 
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Figure 15. SEM micrograph of bulk sample exfoliated overnight (~17 hours). Note much 
higher flake size compared to the 1-2 microns seen with most non-bulk samples. 
Magnification is 2,750x at 5 keV. (SEM courtesy of Joseph Halim) 
 
 
 The next bulk sample exfoliation attempt lasted for 2 weeks in an attempt to fully 
exfoliate the sample. It also featured a much thinner, smaller bulk piece that was cut off 
of the main piece to increase the rate of exfoliation. The overnight bulk sample 
exfoliation shown in Figure 15 was done using the entire bulk sample piece, which 
offered less surface area for the HF to react with. The combination of a faster exfoliation 
rate and a longer exfoliation period was intended to increase the extent of exfoliation. 
The resulting flakes were again quite large, as seen in Figure 16. Most flakes are 15-20 
microns in size, with several being up to 30 microns in size or more. The extent of 
exfoliation also appeared to be considerably better than that seen for the previous 
exfoliation based on the relative thickness of the average flakes. 
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Figure 16. SEM micrograph of thin bulk sample piece exfoliated for 2 weeks. Flake size 
is often around 15-20 microns, with some flakes being up to 30 microns or more in size. 
Magnification is 500x at 15 keV. (SEM courtesy of Michael Naguib) 
 
 
 Exfoliation of bulk samples of MAX phase Ti3AlC2 created using a HIP was quite 
successful at producing MXene with a much larger flake size. Experimentation with this 
method would have continued if not for a major failure of the HIP, which made further 
production of the bulk sample Ti3AlC2 impossible for the next several months. 
B. Deposition of a Thin Film 
 With the malfunction of the HIP, further creation of bulk MAX phase material 
was put on hold. The decision was made to change the focus of the work from isolation 
of a large single flake of MXene to deposition of a thin film of MXene. Once thin films 
of MXene had successfully been deposited, their properties could then be studied. 
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 As such, a variety of methods were utilized, with the intent of depositing a thin 
film of MXene. All methods incorporated optical microscopy for analysis, while later 
methods also included Raman spectroscopy, CAM, SEM, and UVS when applicable. All 
MXene used for these methods was synthesized from non-bulk MAX phase Ti3AlC2. 
   i. Scotch Tape Method 
The scotch tape method was the first method attempted for several reasons. It was 
quick and easy, and had also been used to successfully deposit graphite thin films 
(graphene).12 Optimally, the optical results would feature either numerous MXene flakes 
adhered to the slide or even a film of such flakes. The original scotch tape method and 
altered scotch tape method resulted in largely similar optical micrographs that featured 
significant contamination and tape residue at all 3 variations in force, with examples 
shown below in Figures 17-18. There may also have been some MXene flakes present, 
but the tape residue and other contamination made searching for flakes difficult. 
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Figure 17. Optical micrograph of heavily pressed scotch tape at 500x magnification. The 
three large features shown are believed to be tape residue. 
 
 
Figure 18. Optical micrograph of lightly pressed scotch tape at 100x magnification. The 
background marks shown are a result of the ethanol washing. The numerous features 
scattered around the image appear to be flakes, but there is far too much contamination 
and other debris present for the presence of a good quality film to be likely. 
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 When the residue-free tape was used to allow for easier analysis of the scotch tape 
method, tape residue in fact increased significantly, as shown in Figure 19. The exact 
reasons for this are unknown, especially given that the tape is advertised as being 
“residue-free”. The tape was noticeably far stickier than standard scotch tape when used, 
which may explain the residue. 
 
 
Figure 19. Optical micrograph of very lightly pressed strip of residue-free tape at 200x 
magnification. The large, glue-like feature shown is tape residue. 
 
 
 
 Largely as a result of the significant amounts of tape residue, and a relative lack 
of apparent MXene flakes deposited on the glass, the tape method was set aside in favor 
of other methods. 
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   ii. Weight Method 
 
The weight method was the next focus due to its relative simplicity and Eda et 
al.’s success at depositing graphene oxide films using it.2 As with the tape method, the 
goal was optical micrographs demonstrating a large number of MXene flakes or a film. 
For this method, dark field optical microscopy was employed to give an idea of how 
many potential flakes were on the glass slides. Due to the acetone bath sonication and 
second ethanol washing used for the weight method, there was very little contamination 
present compared to the scotch tape method. Results were very promising with regard to 
deposition of some likely MXene flakes, as shown in Figure 20 below. The feature in the 
image bears some similarity to confirmed MXene flakes captured in optical micrographs 
by Naguib et al.18 Raman spectroscopy was not in use at the time to confirm the feature 
as a flake. Regardless, the isolation of the flake and the relative lack of other flake-like 
features nearby are not very promising. 
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Figure 20. Optical micrograph of slide resulting from weight method and thick film slide, 
1000x magnification. Feature shown is too large to be a single flake, but looks promising 
as a small agglomeration of flakes. 
 
 
A number of dark field images were taken to try and determine the differences 
between use of the weight method with thick and thin film MXene filters, and to get a 
general sense for the number of potential flakes. The dark field images helped to show 
rough concentration of possible flakes in various areas on each of the two slides. 
Examples of dark field images are shown in Figure 21 and Figure 22. 
 
!
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Figure 21. Optical micrograph of thick film slide showing several flakes at 100x 
magnification. Concentration of flakes here is higher than average, but not atypical. 
 
 
 
Figure 22. Optical micrograph of thin film slide showing several flakes at 100x 
magnification. Concentration of flakes here is higher than average, but not atypical. 
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 Generally, thick and thin film slides appeared to feature roughly similar 
concentrations of flakes. Flake size is similar between thick and thin film slides. As seen 
in Figures 21-22, both types of films produced slides with a variety of large MXene 
agglomerations (~15-25 microns in size) and numerous smaller agglomerations and 
flakes (<5 microns). 
 There was some difficulty replicating the experimental procedure of Eda et al.2, 
and the method was abandoned in favor of alternative methods. More specifically, when 
the paper authors removed their weight, the dry filter piece adhered to the glass and was 
dissolved using acetone. In attempts to use the weight method with MXene, the filter 
piece would never remain adhered to the glass. Instead, it would either adhere to the 
bottom of the weight or simply slide off the glass when the weight was moved. The 
difference in results may be due to the differences in behavior and surface chemistry 
between MXene and graphene oxide thin films (as used in the paper).2 
   iii. Drop Coating 
 A short time was then spent on using a pipette to place drops of solution 
containing MXene flakes on glass slides. This was intended as a quick and easy method 
that might result in a film of some sort. Analysis was conducted using optical microscopy 
and Raman spectroscopy. As with previous methods, the goal was either evidence of a 
potential MXene film or at least substantial coverage by MXene flakes. Prior to analysis 
with an optical microscope, visual observation of the residue left behind by the drop was 
performed and is shown in Figure 23. Drop coating resulted in extremely uneven 
coverage of the drop area with MXene as well as a very large amount of detritus relative 
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to the amount of visible MXene, as seen in Figures 24-25. Raman spectroscopy was able 
to identify some MXene (Figure 26), but only in a handful of areas. 
 
 
Figure 23. Glass slide with stain resulting from drop coating of MXene solution circled. 
 
 It is noteworthy that in Figure 23, the stain appears to be white or gray in color, 
when MXene itself is black. MXene particles are black due to their carbon content, so we 
would expect a film comprised primarily of MXene to be black (as well as transparent). 
The residue left over from the drop in Figure 23 was neither black in color nor as 
transparent as might be expected. It is likely that other compounds in the drop (salts, for 
example) contaminated the drop and remained in the residue left behind. 
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Figure 24. Hydrophilic treated glass slide drop coated with MXene solution, 630x 
magnification under optical microscope. A large amount of material coats the area 
affected by the drop, but little of it appears similar to MXene flakes. 
 
 
 As seen in Figure 24, the hypothesis from Figure 23 that salts or other 
contaminants composed much of the residue left behind by the drop seems to be accurate. 
The slide area affected by the drop was covered in a film, but the majority of the film did 
not appear similar to MXene flakes. Additionally, Raman spectroscopy was unable to 
positively identify any MXene spectra. 
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Figure 25. Hydrophilic treated glass slide drop coated with two coats of MXene solution, 
630x magnification under optical microscope. A large amount of material coats the slide 
area affected by the drops, but only some of the features appear to be MXene. The MXene 
features are the areas in white, denoted by arrows in some places. 
 
 After examination of a single drop of MXene solution failed to produce 
satisfactory results, another drop of solution was placed on top of the residue from the 
first and allowed to dry, shown optically in Figure 25. The results are arguably an 
improvement over the single coating seen in Figure 24. Some MXene flakes are 
definitely present (bright white; examples denoted by arrows), as shown by a Raman 
spectrum of one of the white features (Figure 26). Despite this, the majority of the film 
bears little similarity to MXene. Based on the relatively low number of visible MXene in 
Figures 24-25, it appears that drop coating is not a particularly effective method for 
deposition of uniform MXene films that cover entire areas. At best, the method is 
effective for deposition of scattered flakes of MXene. 
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Figure 26. Raman spectrum of a white feature thought to be MXene from Figure 25. The 
sharp peak at ~210 cm-1 and the wider peaks centered around 400 cm-1 and 600 cm-1 hew 
closely to the Raman peaks found for Ti3C2 in the literature.14 
 
   iv. Charged Hydrophilic Slides & Dip Coating 
 Focus next turned to vertically hanging slides and dipping them into MXene 
solution using a dip coater. It was thought that controlling the speed at which the slides 
were inserted in and removed from the solution as well as allowing the slides to dry 
vertically would help to deposit a thin film of MXene. This is particularly so because 
MXene flakes are negatively charged and so should be attracted to positively charged 
slides. Multiple coatings of the same slides were attempted, and analysis was performed 
using optical microscopy. Despite attempting a variety of conditions including changing 
dip time, number of dip coatings, and speed of inserting and removing slides from the 
solution during each dip, adhesion of MXene flakes was relatively poor, even for 
positively charged hydrophilic glass slides. An example of results from dip coating is 
shown in Figure 27. Raman spectroscopy was not used for analysis of dip coated 
samples because optical analysis clearly showed poor flake adhesion and lack of an 
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apparent film, even after several coatings. Dip coating results made it clear that even 
hydrophilic, positively charged slides could not attract significant numbers of MXene 
flakes. Focus turned to a new direction: functionalizing substrate surfaces to attract 
flakes. 
 
 
Figure 27. Hydrophilic treated glass slide dip coated in MXene solution, 200x 
magnification under optical microscope. Image shown is taken after one coating. The 
dark features shown throughout the image are stains or contamination and do not appear 
to be MXene flakes. 
 
   v. Self Assembled Monolayers 
      1. Glass Substrate 
 Glass was the primary substrate functionalized with APTES and PLL for the 
purpose of depositing a thin film of MXene. Method 1 (for APTES) and Method 4 (for 
PLL) were used exclusively. Analysis consisted of optical microscopy, Raman 
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spectroscopy, SEM, CAM, and confocal optical microscopy. As before, the desired result 
was optical images showing deposition of numerous flakes throughout the slides. A truly 
thin film would be difficult, if not impossible to see optically. However, adhesion of 
many visible MXene flakes would prove the effectiveness of the SAMs at increasing 
adhesion of MXene. If many visible MXene flakes had adhered to the glass, it was likely 
that closer examination in SEM would show a thin film of much smaller and thinner 
flakes in between the larger, visible ones. CAM would optimally show a significant 
difference between slides with a SAM of APTES/PLL and slides with a SAM covered by 
MXene. Confocal microscopy was intended as a potential alternative to standard optical 
microscopy. Its results were analyzed to determine if confocal microscopy might be an 
improved way of viewing MXene on glass slides optically. This would be determined 
based on the quality of the images it provided and the minimum size and thickness of 
flakes that it could make apparent.  
Glass slides that underwent coating with PLL or APTES followed by immersion 
in MXene displayed the most promising results of any method, as shown using optical 
microscopy, Raman spectroscopy, and scanning electron microscopy in Figures 28-35. 
An example of contact angle measurements is shown in Figure 36, while a confocal 
optical microscope image is shown in Figure 37. 
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Figure 28. Optical micrograph of MXene flakes (white features) visible on glass slide 
coated in PLL and then immersed in MXene, 630x magnification. Raman spectroscopy of 
circled feature is shown in Figure 30. 
 
 
Figure 29. Optical micrograph of MXene flakes (white features) visible on glass slide 
coated in APTES and then immersed in MXene, 630x magnification. Raman spectroscopy 
of circled feature is shown in Figure 31. 
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 In Figures 28-29, hundreds of MXene flakes ranging in size from well under 1 
micron to ~2-3 microns are easily visible. The slide coated in APTES features larger 
flakes on average than the slide coated in PLL. A thin film is not apparent, but this is 
expected given the relatively low level of magnification; a thin film of only a few nm 
thickness is simply not visible in optical microscopy. Especially encouraging is the fact 
that both PLL and APTES samples show large numbers of MXene flakes throughout the 
slides. The success of both chemicals increases the number of options and variables that 
can be altered in further SAM experiments to obtain a high quality thin film. 
 
 
Figure 30. Raman spectrum of a white feature on PLL and MXene coated glass slide with 
peaks around 210, 400, and 600 cm-1 that are indicative of MXene. Peak around 150   
cm-1 indicates that laser power was too high and burnt the MXene. 
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Figure 31. Raman spectrum of a white feature on APTES and MXene coated glass slide 
with peaks around 210, 400, and 600 cm-1 that are indicative of MXene. 
 
 
 Figures 30-31 show Raman spectra obtained from the glowing white features 
scattered around Figures 28-29. They each contain the sharp ~210 cm-1 peak and the 
broader peaks centered around 400 cm-1 and 600 cm-1 that indicate Ti3C2. The sharp peak 
around 150 cm-1 in Figure 30 represents oxidized Ti3C2, likely indicating that the laser 
power was set too high. 
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Figure 32. Scanning electron micrograph of APTES and MXene coated glass slide at 
~3,000x magnification and 3 keV. This magnification appears to show thousands of 
similar features covering the glass, but higher magnification is needed to discern the 
identity of the features. 
 
 
Figure 33. Scanning electron micrograph of APTES and MXene coated glass slide at 
~18,600x magnification and 3 keV. At this magnification, it becomes clear that the 
features are MXene flakes coming out of a thin film. 
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 In Figure 32, thousands of small features (most <<1 micron) can be seen 
covering the surface of the glass substrate. This image provides an idea of what is 
happening on the substrate as a whole. Higher magnification is needed to attempt to 
identify whether the features appear to be MXene or merely dirt or contamination. Higher 
magnification is provided by Figure 33, where it can be seen that most or all of the tiny 
features seen in Figure 32 covering most of the sample surface appear to be MXene 
flakes. Closer examination reveals that most of the flakes appear to be protruding out of 
the surface of the glass. That is, the flakes are not lying flat on the surface but sticking out 
of the surface at angles. This alludes to the presence of a thin film of MXene covering the 
surface of the sample. 
 
 
 
Figure 34. Scanning electron micrograph of PLL and MXene coated glass slide at 
~3,700x magnification and 3 keV. Hundreds of features cover the surface, with most 
being <<1 micron and several being >1 micron. The largest features appear to be junk, 
while some of the smaller features bear similarities to MXene flakes even at this 
magnification. 
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Figure 35. Scanning electron micrograph of PLL and MXene coated glass slide at 
~18,600x magnification and 3 keV. A number of relatively small features (~.5 microns or 
less) are visible, with many of the features bearing similarity to MXene flakes. As in 
Figure 33, the flakes appear to be rising at an angle out of the substrate, as if part of a 
film. 
 
 As with the glass that underwent Method 1 (Figures 32-33), glass that underwent 
Method 4 (Figures 34-35) appears to feature many MXene flakes spread across its 
surface. Much as was observed in Figures 28-29, flakes seen in SEM in the APTES 
sample are generally larger than flakes seen in SEM in the PLL sample. The APTES 
sample also features many more visible flakes than the PLL sample. Additionally, closer 
examination (Figure 35) reveals that the flakes are protruding from the glass at an angle, 
much as was the case in Figure 33. Once again, it appears that a thin film of MXene is 
present. While the films observed are far from perfect in terms of uniformity and being 
only one layer thick throughout, they nevertheless represent a significant step forward. 
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 Based on available results, it seems that both Methods 1 and 4 deposit a thin film 
on glass. Method 4 features a smaller flake size than Method 1. Method 4 also features 
fewer flakes either on top of the film or visibly coming out of the film. This could mean 
one or more of several things. First, that flakes are not as strongly bound to PLL as to 
APTES, so post MXene immersion sonication more easily removes flakes on PLL. 
Second, that Method 4 produces cleaner films than Method 1, perhaps due to its smaller 
flakes. Third, that post MXene immersion time of 30 seconds is inadequate, and optimal 
sonication time may vary by method. Simply by varying sonication time, nearly identical 
SEM results could be obtained for Methods 1 and 4. More work is needed to identify 
whether Method 1 or 4 provides the best coverage on glass. 
 Contact angle measurements were also taken of glass slides both just before and 
after coating in MXene, an example of which is shown in Figure 36. 
 
 
Figure 36. Phosphate buffer solution drops showing change in contact angle between 
glass slide coated in APTES with no MXene exposure (left) and glass slide coated in 
APTES with MXene coating (right). 
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 Across all drops and samples tested, APTES coated glass with no MXene 
averaged around 46˚ for contact angle, while APTES coated glass with MXene also 
averaged around 46˚ for contact angle. Across all drops and samples tested, PLL coated 
glass with no MXene averaged around 38˚ for contact angle, while PLL coated glass with 
MXene averaged around 41˚ for contact angle.  
There is relatively little difference in contact angle caused by immersion for 
several hours in MXene and the associated post-MXene immersion washing and 
sonication. The contact angles themselves show only small changes that fall well within 
the margin of error for the contact angle setup used, but they do indicate a substantive 
difference between PLL and APTES self-assembled monolayers. 
 
 
Figure 37. Confocal optical micrograph of glass coated with PLL and MXene using 
Method 4 at magnification of 100x. Numerous gray flake-like features can be seen 
throughout, as well as similarly shaped black features. It appears that both types of 
features are flakes, with the gray features being thinner and the black features being 
thicker and more opaque. Some example thin flakes are denoted by red arrows, while 
some example thick flakes are denoted by blue arrows. (Confocal micrograph courtesy 
Kevin Cook) 
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 Numerous flakes of different thicknesses are evident in Figure 37. Compared to 
images from the other optical microscopes used in this thesis, the confocal microscope 
appears to offer at least one significant advantage. Flakes of different thicknesses appear 
to be relatively easily discerned using the confocal microscope. In the other optical 
microscopy images, it is considerably more challenging to discern flakes having different 
thicknesses. Additionally, the confocal image appears to be somewhat more crisp and less 
blurry than images from the other optical microscopes. There are also two apparent 
downsides to the confocal microscopy images. First, MXene flakes no longer appear 
bright white, and are not as easy to immediately pick out on the sample’s surface. This 
makes determination of roughly how well large flakes are spread out on the sample’s 
surface more difficult. Second, the confocal microscope is much more challenging to use 
than the other optical microscopes. Thus, the confocal microscope appears to be the 
optical instrument of choice for learning about flake thickness and individual flakes 
generally, while the optical microscope attached to the Raman spectrometer is optimal for 
learning about the spread of flakes and for very quick, easy to obtain optical images. 
      2. Silicon Substrate 
 Along with forming SAMs and depositing MXene on glass, silicon was also used 
as a substrate. Silicon was used as part of Method 1, Method 4, and silicon-specific 
Method 2. Silicon was chosen as an alternative substrate to allow for the use of 
ellipsometry to determine MXene refractive index and film thickness. In addition to 
ellipsometry, silicon samples were characterized using optical microscopy, Raman 
spectroscopy, SEM, and CAM. Early attempts to deposit thin films of MXene on silicon 
were frustrated by the differences in the way that glass and silicon reflect visible light in 
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optical microscopy. On glass, MXene particles thick enough to be visible in optical 
microscopy were bright white, a sharp contrast to any dirt or imperfections in the glass 
itself, which were visibly black (Figures 28-29). On silicon, MXene particles also 
showed up as black features under an optical microscope, leading to initial confusion 
over whether any MXene was deposited on the silicon at all (Figure 38-39). Raman 
spectroscopy was able to confirm the presence of some MXene on silicon, but provided 
no indication of the true amount, spread, or uniformity of the MXene (Figure 40-41). 
Contact angle measurements made just before and just after MXene immersion were 
inconclusive as to demonstrating presence of a large amount of MXene or lack thereof. 
Therefore, SEM was needed to confirm the presence of MXene on silicon (Figures 42-
45). Ellipsometry models failed to show any consistency from sample to sample. 
Therefore, ellipsometry results are not included. 
 
 
Figure 38. Optical micrograph of silicon wafer coated in APTES and then immersed in 
MXene for 30 hours, 630x magnification. Circled feature’s Raman spectrum is shown in 
Figure 40. 
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Figure 39. Optical micrograph of silicon wafer coated in PLL and then immersed in 
MXene for 30 hours, 630x magnification. Circled feature’s Raman spectrum is shown in 
Figure 41. 
 
 At first glance, the optical silicon results in Figures 38-39 appear to have 
absolutely no visible MXene flakes. Every feature that appears on silicon in optical 
micrographs is black. On glass, MXene flakes always show up as bright white features. 
Such features are entirely absent here. Due to the different way that silicon reflects 
visible light as compared to glass, Raman spectroscopy was needed to see if any large 
MXene flakes had adhered to the silicon. 
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Figure 40. Raman spectrum of large dark feature on APTES and MXene coated silicon 
wafer with peaks around 210, 400, and 600 cm-1 that are indicative of MXene. Large 
silicon peak at 520 cm-1 is removed. 
 
 
Figure 41. Raman spectrum of a white feature on PLL and MXene coated silicon wafer 
with peaks around 210, 400, and 600 cm-1 that are indicative of MXene. Large silicon 
peak at 520 cm-1 is removed. 
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 As seen in Figures 40-41, the features circled in Figures 38-39 were confirmed 
as MXene flakes. This proved that silicon’s reflection of visible light was interfering with 
optical microscopy. Additionally, it showed that there were MXene flakes on the silicon. 
Optical microscopy would not be able to determine the rough amount of flakes, as was 
the case with glass. Only SEM analysis could reveal more information about rough 
amount of flakes on the silicon. Prior to using SEM, CAM was performed to potentially 
show a significant difference in surface free energy between PLL/APTES SAMs and 
MXene. In other words, CAM was performed as a quick and easy way of showing 
whether there was or was not a large amount of MXene spread across the silicon.  
Across all drops tested, APTES coated silicon with no MXene averaged around 
61˚ for contact angle, while APTES coated silicon with MXene also averaged around 61˚ 
for contact angle. Across all drops tested, PLL coated silicon with no MXene averaged 
around 43˚ for contact angle, while PLL coated silicon with MXene averaged around 58˚ 
for contact angle. 
CAM with APTES showed no change in measurement between APTES and 
APTES with MXene. Either Method 1 is unsuccessful for silicon substrates, or CAM 
remains flawed in its results. CAM with PLL showed a substantial change between PLL 
and PLL with MXene. By itself, this is good evidence that silicon treated with Method 4 
has good MXene adhesion. Considering the CAM for APTES, the result is inconclusive 
by itself. CAM could be giving accurate results for both Method 1 and Method 4, in 
which case Method 4 is successful on silicon whereas Method 1 is not. CAM could also 
be giving inaccurate results. SEM analysis is needed to determine which possibility is the 
case. 
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Figure 42. Scanning electron micrograph of APTES and MXene coated silicon wafer at 
~2,100x magnification and 3 keV. Numerous small features are observed. As with glass 
substrate SEM, higher magnification is needed to determine if the features are flakes. 	  
 
Figure 43. Scanning electron micrograph of APTES and MXene coated silicon wafer at 
~18,200x magnification and 3 keV. Numerous large (>200 nm), thin, nearly transparent 
features that appear to be very thin flakes are shown. The existence of a film is not clear, 
but at the very least there is significant coverage by thin flakes of MXene. 
	  
8µm 
	  
1µm 
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 Silicon that underwent Method 1 has what appear to be thin MXene flakes 
covering most of its surface. Less clear is whether a true film is present. Based on these 
SEM results, it can be concluded that CAM was inaccurate in its results for Method 1 on 
silicon. CAM results showed virtually no difference between APTES and APTES with 
MXene, yet Figures 42-43 clearly show more than enough MXene flakes to cause a 
difference in CAM results. 
 
 
Figure 44. Scanning electron micrograph of PLL and MXene coated silicon wafer at 
~2,000x magnification and 3 keV. Numerous features cover the surface, but higher 
magnification is needed to identify them. 
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Figure 45. Scanning electron micrograph of PLL and MXene coated silicon wafer at 
~18,000x magnification and 3 keV. At this magnification, it becomes evident that most of 
the features are what appear to be thin flakes of MXene. Whether a film also exists is not 
clear, but at the very least there is substantial coverage of the surface by thin flakes. 
 
 
 
 Figures 45-46 reveal that Method 4, like Method 1, is successful at depositing 
numerous thin flakes across much of the surface of the silicon. Generally, the flakes 
deposited by Method 4 appear to be smaller than those deposited by Method 1. In terms 
of coverage, Method 4 appears to have a slight edge. This makes sense given the smaller 
size of its flakes. Based on this, Method 4 may have a very slight edge over Method 1 on 
silicon, but more work is needed to confirm this without a doubt.  
As with Method 1, it is not entirely clear if a true thin film has been deposited. 
Regardless, the deposition of such large numbers of thin flakes shows that both Method 1 
and Method 4 are quite applicable to silicon as well as glass. Even if neither method has 
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been shown to deposit true films on silicon, the thin flake coverage that has been 
deposited is extensive enough that small changes to the methods may well deposit true 
films.  
After experiencing the issues with finding MXene optically on silicon samples 
treated with Methods E and P, focus turned to Method 2. The goal with Method 2 was to 
see if it resulted in superior deposition of MXene on silicon compared to Methods E and 
P. Analysis was performed using optical microscopy, Raman spectroscopy, SEM, CAM, 
and ellipsometry. Optically, Method 2 was very similar to Method 1 on silicon, in that 
MXene remained extremely difficult to distinguish from dirt and other features on the 
substrate. Raman spectroscopy confirmed the presence of at least some MXene on the 
samples treated with Method 2. CAM was again inconclusive and its results are detailed 
below. Ellipsometry models again failed to find consistent results and so will also not be 
included. Scanning electron micrographs of silicon subjected to Method 2 are shown in 
Figures 46-48. 
Across all drops tested, silicon treated with Method 2 (annealed) with no MXene 
averaged around 38˚ for contact angle, while silicon treated with Method 2 (annealed) 
with MXene also averaged around 38˚ for contact angle. Across all drops tested, silicon 
treated with Method 2 (heated) with no MXene averaged around 32˚ for contact angle, 
while silicon treated with Method 2 (heated) with MXene averaged around 35˚ for 
contact angle. Across all drops tested, silicon treated with Method 2 (no heat) with no 
MXene averaged around 27˚ for contact angle, while silicon treated with Method 2 (no 
heat) with MXene averaged around 30˚ for contact angle. CAM results appear to indicate 
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no significant changes after MXene immersion for any of the three heat treatments. SEM 
is once again required to show whether there is substantial flake coverage or a thin film. 
 
 
Figure 46. Scanning electron micrograph of APTES and MXene coated silicon wafer at 
~22,800x magnification and 3 keV. Sample was created using Method 2 with heat during 
immersion in APTES. Large feature in center is either unreacted MAX phase particle, 
large and thick MXene flake, or debris. Numerous small features appear throughout the 
image, many of which appear to be MXene flakes. Presence of a film is unclear. 
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Figure 47. Scanning electron micrograph of APTES and MXene coated silicon wafer at 
~29,200x magnification and 3 keV. Sample was created using Method 2 with annealing. 
Large feature in center may be unreacted MAX phase particle, large and thick MXene 
flake, or debris. Numerous small features located throughout image, many of which 
appear to be MXene flakes. Thin film presence is unclear. 
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Figure 48. Scanning electron micrograph of APTES and MXene coated silicon wafer at 
~25,900x magnification and 3 keV. Sample was created using Method 2 with no heating. 
Large feature in center is likely unreacted MAX phase particle, large and thick MXene 
flake, or debris. Numerous small features are situated throughout and many appear to be 
MXene flakes. Presence of a thin film is unclear. 
 
 Based on Figures 46-48, it does not appear that there are major differences 
between the three heat treatments for Method 2. All three heat treatments feature both 
scattered pieces of large debris (2-3 microns in size) and numerous small features (most 
<.2 microns). Additionally, many of the smaller features observed on each heat 
treatment’s samples appear to be thin MXene flakes. The features that appear to be flakes 
look to be roughly the same size in all three heat treatments. In no heat treatment was the 
presence of a film strongly evident. 
 While Method 2 deposits numerous flakes on silicon regardless of heat treatment, 
it does not appear to provide as good coverage as Methods 1 or 4 on silicon. Based on 
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available results, Methods 1 and 4 are better than Method 2 at flake deposition on silicon. 
Between Methods 1 and 4, Method 4 seems to hold a very slight edge on silicon due to 
smaller flake size. 
    3. Quartz Substrate 
 The third substrate functionalized using SAMs was quartz. Both Method 1 and 
Method 3 were used to treat quartz. PLL was not used with quartz, largely because of a 
near total dearth of studies on PLL SAMs on quartz. The primary goal with quartz 
substrates was to obtain UVS results to quantify MXene films’ absorbance of visible and 
near visible light wavelengths. Quartz was necessary for this because glass absorbed light 
at many of the same wavelengths that MXene did. Quartz absorbs light at primarily 
different wavelengths than MXene, so quartz is more suitable for UVS with MXene. 
Optical microscopy, Raman spectroscopy, and UVS were used to characterize quartz 
samples. Quartz prepared using Method 3 was quickly observed to behave very similarly 
to glass with respect to MXene deposition and appearance of thick MXene particles in 
optical microscopy (Figure 49). Raman spectroscopy confirmed that the white areas in 
Figure 49 were MXene. UVS was able to characterize the light absorption of the MXene 
film on the quartz, as shown in Figure 50. 
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Figure 49. Optical micrograph of quartz slide coated in APTES using Method 3 and then 
immersed in MXene, 630x magnification. Numerous MXene flakes (white features) can be 
seen. 
 
 
 Optical microscopy was intended primarily as a means to determine whether 
MXene had been deposited in significant amounts on the quartz. As was the case with 
glass substrate samples, MXene flakes are white on quartz in optical microscopy (Figure 
49). Having found that quartz prepared with Method 3 had significant amounts of 
MXene, UVS was performed, as seen in Figure 50. 
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Figure 50. Ultraviolet-visible spectrophotometry absorption profile of quartz slide with 
APTES and MXene coatings. APTES was coated using Method 3. MXene absorbs light at 
all wavelengths analyzed and absorbs strongly in the near ultraviolet range. 
 
 UVS analysis in Figure 50 shows that the MXene deposited on the quartz using 
Method 3 absorbed light at all wavelengths scanned. Absorbance is especially strong in 
the near UV range, around 200-400 nm. Since SEM analysis was not performed, it is 
unclear if there is a MXene thin film present on the quartz. Based on the optical 
microscopy results and a dark tint visible to the naked eye, however, there is a film of 
MXene present on the quartz. The film is not necessarily a thin film, nor is it necessarily 
continuous, but it is a film nonetheless. 
Quartz prepared using Method 1 was also observed to behave very similarly to 
glass with respect to MXene deposition and appearance of thick MXene particles in 
optical microscopy (Figure 51). Raman spectroscopy confirmed that the white areas in 
Figure 51 were MXene. UVS was able to characterize the light absorption of the MXene 
film on the quartz, as shown in Figure 52. 
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Figure 51. Optical micrograph of quartz slide coated in APTES Method 1 and then 
immersed in MXene, 630x magnification. 
 
 In Figure 51, it is clear that MXene deposition on quartz using Method 1 is 
significantly different than MXene deposition on quartz using Method 3. There appears 
to be far less MXene visible, although it is possible that there are many smaller flakes 
that are simply not visible at 630x magnification. Regardless, some MXene is present, 
and a tint is again visible to the naked eye on the quartz. While the tint is lighter than that 
for the Method 3 sample, it is nevertheless an indicator of a MXene film of some kind. 
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Figure 52. Ultraviolet-visible spectrophotometry absorption profile of quartz slide with 
APTES and MXene coatings. APTES was coated using Method 1. MXene absorbs light at 
all wavelengths analyzed and absorbs strongly in the near ultraviolet range. 
 
UVS analysis in Figure 52 shows that the MXene deposited on the quartz using 
Method 1 absorbed light at all wavelengths scanned. Absorbance is especially strong in 
the near UV range, around 200-350 nm. Again, SEM was not performed, and it is 
unknown if there is a MXene thin film present. Given the aforementioned visible tint and 
MXene shown optically in Figure 51, there is clearly a film of some kind. A direct 
comparison of absorbance for the Method 3 and Method 1 samples is shown below in 
Figure 53. 
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Figure 53. Comparison of ultraviolet-visible spectrophotometry absorption profiles of 
quartz treated with Method 3 (red) and quartz treated with Method 1 (blue). 
Interestingly, the Method 3 sample absorbs more light at visible and near IR 
wavelengths, while the Method 1 sample absorbs more light at near UV wavelengths. 
 
 Comparatively, Figures 49 and 51 show major differences in visible MXene 
deposition, with Method 1 not nearly as successful for attracting MXene to the quartz as 
Method 3. This bears out in Figure 53, where, at most wavelengths analyzed, the sample 
using Method 3 generally absorbs more light than the sample using Method 1. Most 
importantly, light throughout the visible spectrum is absorbed far more strongly by the 
sample using Method 3. This shows that, at least for quartz, Method 3 appears to produce 
films with a visibly darker tint that absorb more visible light. The same is true for near IR 
light. For near UV light below about 275 nm, Method 1 treated quartz absorbs more light. 
Method 1’s higher absorption of light at about <300 nm wavelengths may be due to 
partial oxidation of the MXene flakes on the sample. 
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V. Conclusions 
 
 Several methods for isolating a large single flake of MXene for study of its 
properties were explored. The use of a cold press and hot isostatic press to produce bulk 
MAX phase was found to be successful in increasing the grain size of the MAX phase 
and, ultimately, the size of resulting MXene flakes; however, mechanical failure of the 
hot isostatic press prevented any further development of this method. 
 A variety of methods were tested for the purpose of depositing a thin film of 
MXene to allow for study of its properties. The formation of self-assembled monolayers 
of both the APTES silane and PLL were observed in optical microscopy and Raman 
spectroscopy to greatly improve adhesion of MXene to glass, silicon, and quartz 
substrates. Analysis with scanning electron microscopy confirmed MXene thin film 
deposition on both glass and deposition of large numbers of thin MXene flakes on 
silicon. Ultraviolet-visible spectrophotometry of quartz samples characterized MXene 
films’ absorption of visible and near visible light. 
 Method 1 and Method 4 were found to be similarly effective at depositing MXene 
thin films on glass substrates. Method 4’s film was cleaner, with fewer flakes visibly on 
top of or protruding from the film. This may be due to the smaller size of Method 4’s 
flakes, or due to one or more of a few other possibilities. These possibilities include 
APTES adhering flakes more strongly than PLL, which would cause post MXene 
immersion sonication of 30 seconds to take more flakes off PLL samples than APTES 
samples. Sonication time may have to be adjusted based on method to obtain the cleanest 
thin film with the best coverage. More work must be done to compare Methods 1 and 4 
on glass before a fully informed determination can be made as to which method provides 
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better coverage. The films deposited on glass can improve significantly in terms of both 
having fewer layers and being more uniform, but nevertheless serve as significant 
advancements in MXene thin film deposition.  
Method 1, Method 4, and all variations of Method 2 were successful at depositing 
large numbers of thin MXene flakes on silicon. It is unclear if any methods deposited 
MXene thin films on silicon. Methods 1 and 4 were both better than Method 2 in terms of 
flake coverage of the silicon. Method 4 appeared to have slightly smaller flakes, and its 
slightly better coverage may have resulted from that size differential. Method 4’s edge in 
coverage over Method 1 is very small, so further work with both methods is in order 
before either method can be said to be better overall at depositing flakes on silicon. 
On quartz, Method 1 and Method 3 both successfully deposited large MXene 
flakes on the quartz substrates. Method 3 deposited large MXene flakes with much better 
coverage on quartz than did Method 1. The difference in tint visible to the naked eye that 
resulted was also significant, with Method 3 producing a much darker tint due to its much 
higher absorption of visible light at all wavelengths. Method 1 resulted in higher 
absorbance at wavelengths below about 300 nm, and this may be due to partial oxidation 
of the MXene flakes on the Method 1 sample. 
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VI. Additional Considerations 
 
A. Manufacturability 
 The manufacturability of MXene thin films depends largely on how well 
oxidation can be controlled, as it is a significant risk throughout the process after 
delamination. Optimization of the APTES method would likely bear the most fruit in 
terms of reducing the time needed to deposit a film, as the APTES coating step lasted for 
a full day or more whereas the PLL coating step took only an hour. 
B. Environmental 
 A finished MXene thin film is not particularly dangerous to the environment, as it 
is so thin as to be negligible next to the product it is coated on. Most of the chemicals 
used during the process that goes into depositing a thin film of MXene are not safe for the 
environment and must be properly managed and disposed of to avoid potential 
environmental damage. In addition, titanium mining (rutile in particular) tends to pollute 
nearby water sources.  
C. Financial Cost 
 The cost of producing and applying MXene films on a per unit or per square area 
basis depends entirely on the thinness with which films can eventually be produced as 
well as other variables, such as the efficiency of MAX phase to MXene conversion. Films 
no more than a few layers thick use very little raw material assuming that most MAX 
phase is converted to MXene, but the brunt of the cost will be inherent in the eventual 
process and its efficiency. The processes to deposit thin films of MXene as described 
herein would likely be relatively expensive given that they are not optimized. 
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D. Health 
Properly washed MXene in and of itself is not particularly dangerous unless 
directly ingested, and even then, its effects are not known to be particularly dangerous. 
Care needs to be taken during the manufacturing process with regard to proper use and 
disposal of the various chemicals used to synthesize the MAX phase and MXene and then 
to deposit films of MXene, as they are nearly all either flammable, toxic, corrosive, or a 
combination of the three. Proper safety equipment including full body coverage by 
clothing, gloves, safety glasses, and closed toe shoes are recommended at a minimum, 
with extra precautions for steps involving HF. 
E. Ethical/Societal 
Indigent workers in Africa and other developing areas often mine the titanium that 
will eventually go into MXene thin films. The safety and welfare of these workers should 
be kept in mind when considering mass production of titanium containing MXenes. 
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VII. Future Work 
 More experimentation should be undertaken to better investigate the effects of 
numerous variables on MXene film quality and properties, such as time immersed in 
MXene, APTES, or PLL, heating temperature and time, sonication time after MXene 
immersion, and average size of MXene flakes in solution used for immersion. Such work 
is required to fully understand the range of properties possible with MXene thin films 
along with the applications such films may be suitable for. 
 Contact angle measurement and ellipsometry should be pursued in greater depth 
to allow for superior characterization of APTES and PLL self-assembled monolayers as 
well as thin films of MXene. Contact angle measurement should be performed using a 
goniometer to significantly reduce the potential measurement error and streamline the 
process for future work. Once Ti3C2’s index of refraction and thickness of its thin films 
are better known, ellipsometric models will be able to better fit results obtained for 
MXene thin films and provide a quick, easy method for determining film thicknesses in 
the future. 
 SEM images have provided ample visual evidence of both continuous and non 
continuous thin films of MXene. The presence of continuous films can be confirmed 
through the use of a four-point probe or similar technique. This analysis should be 
performed quickly to allow for modifications to the process in the event that truly 
continuous films have not yet been deposited. 
 Once the hot isostatic press is fully operational, isolation of single large flakes 
through creation of bulk samples of MAX phase Ti3AlC2 with larger grain size should be 
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continued. Such work is important for better understanding the properties and behavior of 
single flakes, which in turn may lead to applications specific to single flakes of MXene. 
 Lastly, alternative analytical methods for accurately determining MXene thin film 
thickness must be explored to be able to properly characterize MXene thin films. To date, 
ellipsometry has been unable to serve well in this regard, but it is possible that analysis 
with either x-ray diffraction or atomic force microscopy may be key in allowing for 
accurate determination of thin film thickness in the interim. 
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